Transpiration and evapotranspiration of corn as related to meteorological factors by Fritschen, Leo Joseph
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1960
Transpiration and evapotranspiration of corn as
related to meteorological factors
Leo Joseph Fritschen
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agriculture Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Fritschen, Leo Joseph, "Transpiration and evapotranspiration of corn as related to meteorological factors " (1960). Retrospective Theses
and Dissertations. 2642.
https://lib.dr.iastate.edu/rtd/2642
TRANSPIRATION AND EVAPOTRANSPIRATION 
OF CORN AS RELATED TO METEOROLOGICAL FACTORS 
by 
Leo Joseph Fritschen 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major Subject : Agronomy-Agricultural Climatology 
Approved : 
In Charge of Major Work 
Head or Major Department 
Iowa State University 
Of Science and Technology 
Ames, Iowa 
1960 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
Page 
1. INTRODUCTION 1 
2. MATERIALS AND METHODS 5 
2.1. Experimental Site 5 
2.2. Design 5 
2.3. Treatments 6 
2.4. Plant Population and Spacing 8 
2.5. Plastic 9 
2.6. Soil Moisture 10 
2.6.1. Soil moisture determinations 10 
2.6.2. Soil moisture level 11 
2.7. Recording Systems 11 
2.7.1. Recorder number 1 11 
2.7.2. Recorder number 2 13 
2.7.3. Switching mechanism 13 
2.7.4. Extension cables 14 
2.8. Electrical Timer for Neutron Meter 15 
2.9. Wind of the Micro-layer 16 
2.10. Temperatures 16 
2.10.1. Soil temperatures 16 
2.10.2. Air temperatures 18 
2.11. Net Radiation 19 
2.12. Other Meteorological Factors 20 
ill 
2. EXPERIMENTAL RESULTS AND DISCUSSION 22 
3.1. Wind of the Micro-layer 22 
3.2. Rainfall Interception 24 
3.3. Temperatures 27 
3.3.1. Soil temperatures 28 
3.3.1.1. 10-cm soil temperatures 28 
3.3.1.2. 6-mm soil temperatures 30 
3.3.1.3. Discussion of soil temperatures 34 
3.3.2. Air temperatures 34 
3.3.2.1. 5-cm air temperatures 34 
3.3.2.2. 30-cm air temperatures 35 
3.3.2.3. Screen height air temperatures 35 
3.3.2.4. Crop height air temperatures 39 
3.3.2.5. Discussion of air temperatures 41 
3.4. Crop Growth 42 
3.4.1. Root growth 42 
3.4.2. Aerial growth 44 
3.4.3. Yields 46 
3.5. Radiation Trends 46 
3.6. Intercepted and Absorbed Radiation 48 
3.7. Water Use by Corn 52 
3.8. Water Use-Pan Evaporation Relations 61 
3.9. Radiation Relations 65 
4. SUMMARY AND CONCLUSIONS 66 
LITERATURE CITED 69 
ACKNOWLEDGMENT 72 
iv 
LIST OF FIGURES 
Page 
Fig. 1. General view of the experimental setup 7 
Fig. 2. View of a plastic covered plot 7 
Fig. 3. Sealed plastic around a hill of com 7 
Fig. 4. Soil moisture neutron meter, timer, and carrier 12 
Fig. 5. Recorders, timer, switching mechanism, and the 
recorder shelter 12 
Fig. 6. Miniature net radiometer, Model III 21 
Fig. 7. Weather station located at the experimental site 21 
Fig. 8. Diurnal and seasonal 10-cm soil temperatures for 
the plastic covered plots and the temperature 
difference between treatments 29 
Fig. 9. Diurnal and seasonal 6-mm soil temperatures for 
the plastic covered plots and the temperature 
difference between treatments 32 
Fig. 10. Comparison of air temperatures (average of 5-cm, 
30-cm, and crop height readings) and 6-mm soil 
temperatures 33 
Fig. 11. Diurnal and seasonal 5-cm air temperatures for the 
plastic covered plots and the temperature 
difference between treatments 36 
Fig. 12. Diurnal and seasonal 30-cm air temperatures for the 
plastic covered plots and the temperature difference 
between treatments 37 
Page 
Fig. 13. Diurnal and seasonal screen height temperatures for the 
plastic covered plots and the temperature difference 
between treatments 38 
Fig. 14. Diurnal and seasonal crop height temperatures for the 
plastic covered plots and the temperature difference 
between treatments 40 
Fig. 15. Root distribution along a north-south axis in the 
plastic covered plot 43 
Fig. 16. Root distribution along a north-south axis in the 
natural plot 43 
Fig. 17. Crop growth 45 
Fig. 18. Overhead view of corn 24 inches tall in the natural 
plot 47 
Fig. 19. Overhead view of corn 54 inches tall in the natural 
plot 47 
Fig. 20. Overhead view of corn 87 inches tall in the natural 
plot 47 
Fig. 21. Three day running averages of solar radiation and net 
radiation (1 m above the crop and 6 inches above the 
soil surface) 49 
Fig. 22. Radiation intercepted by the corn (expressed in 
percent and gm cal) and crop height 51 
Fig. 23. Regression of measured transpiration on plant energy 
and wind 55 
vi 
Page 
Fig. 24. Measured évapotranspiration, transpiration (measured 
and estimated) and crop height of corn 57 
Fig. 25. Ratios of transpiration (measured and estimated) to 
évapotranspiration and crop height of corn 58 
Fig. 26. Cumulated évapotranspiration, transpiration (measured 
and estimated) and crop height of corn 60 
Fig. 27. Ratios of évapotranspiration and transpiration 
(measured and estimated) to pan evaporation 62 
Fig. 28. Comparison of energy intercepted by the plant 
canopy and ratio of estimated transpiration to pan 
evaporation 64 
vii 
LIST OF TABLES 
Page 
Table 1. Interception Data 26 
Table 2. Analyses of Variance 54 
1 
1. INTRODUCTION 
In recent years, much research has been conducted on the water use 
of various crops. A considerable stimulus for this research has 
developed from the conflict for the use of this water by the increasing 
population, expanding industry, expanding recreational facilities, and 
a higher producing agriculture. In order for agriculture to make 
maximum use of its share of this water, it is necessary to determine 
how much water is needed, when it is needed, and in what ways it is 
used. The water used in évapotranspiration must be separated into its 
component parts: transpiration from the plant and evaporation from the 
soil. A better understanding of these components may provide important 
information on the conservation of this water. 
Water use by various crops has been studied for a long time. The 
literature involving this subject is quite voluminous. Briggs and 
Shantz (3,4,5, and 6), whose work is now classical, were among the 
first Americans to investigate évapotranspiration. KieSselbach (18) 
and Kiesselbach and Montgomery (19) summarized the literature up to 
1916. Davis (9) summarized research on évapotranspiration in this 
country and many foreign countries up to 1956. The most recent review 
of transpiration and crop yields has been presented by de Wit (10). 
The use of irrigation has prompted many methods of estimating 
évapotranspiration. Some of the more important empirical methods 
were developed by Penman (21) , Thornthwaite (28) , Blaney and Griddle 
(2), and van Bavel and Wilson (29) . These methods can be grouped into 
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two categories : (1) the methods which require some estimate of energy 
available for évapotranspiration, and (2) the methods which use tempera­
ture as a measure of energy. The methods in both of these categories 
depend upon an estimate of the controlling factor in évapotranspiration 
(the energy intercepted by the plant canopy) . The energy intercepted by 
the plant canopy is very closely related to net radiation; however, 
measurements have been limited because of the cost of obtaining a 
continuous record of net radiation and the lack of instruments available 
for measuring it. The recent development of small inexpensive radio­
meters has made the study of energy relations on a field basis possible. 
Other empirical methods of estimating évapotranspiration have been 
developed by Holmes and Robertson (16) , Kohler (20), Pierce (23) , and 
others. Some of these methods depend upon the use of an evaporimeter. 
There are two main types of evaporimeters: (1) the evaporation pans 
and (2) the atmometers. The shape, size, and color of these evaporimeters 
vary considerably; however, they all depend upon energy to vaporize 
water. These evaporimeters are quite satisfactory as estimators of 
potential évapotranspiration; however, a relationship between the 
evaporimeter and the évapotranspiration of the crop in question must be 
established experimentally. 
Most of the experimental research on évapotranspiration has been 
conducted using isolated plants grown in pots or lysimeters located in 
a greenhouse or experimental plot. This confining of the root 
system has been necessary in order to determine the water use. The 
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results from these experiments are not adaptable to field conditions 
because of the island and edge effects. That is, the experiments were 
usually conducted with isolated plants, or in areas where the surround­
ing plants were not treated similarly to the plants in question. The 
development of the soil moisture geutron meter has made it possible to 
study the water use on a field basis. 
In an attempt to separate évapotranspiration into its component 
parts, many workers such as Harrold et al. (15) and Peters and Russell 
(22), have grown crops through plastic films to obtain estimates of 
transpiration. This transpiration was subtracted from évapotran­
spiration to obtain estimates of evaporation from the soil. However, 
essentially no work has been conducted on the effect these plastic 
mulches have on the micro-climate and the transpiration. A need 
existed to study the effect of the plastic film on the plant micro­
climate and transpiration. Consequently, a pilot experiment was 
carried on at Ames, Iowa during the summer of 1958 to study, on a 
field basis, the évapotranspiration problem as related to meteor­
ological factors. 
The materials, methods, and results of the 1958 pilot experiment 
were analyzed to determine the more important meteorological factors 
to be studied and the best methods to be used. As a result, a more 
comprehensive experiment was conducted during the summer of 1959. In 
this experiment, transpiration (soil moisture loss from plastic covered 
plots) and évapotranspiration (soil moisture loss from non-covered 
plots) were related to meteorological factors. The objectives of the 
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1959 experiment were twofold : (1) to provide basic information concerning 
the relationships between the components of évapotranspiration of corn, 
under field conditions, and meteorological factors ; and (2) to determine 
practical means of estimating the components of évapotranspiration of 
corn. The materials, methods, and results presented herein are mainly 
from the 1959 experiment. 
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2. MATERIALS AND METHODS 
2.1. Experimental Site 
The experiment was located at the Beech Avenue Experimental Plots. 
The majority of the Beech Avenue Experimental Plots was cropped to corn; 
thus quite extensive areas of com were located on the southeast through 
west to the northeast exposures of the experiment. Meadow was grown in 
the area immediately east of the experiment. 
The soil on the experimental site, a Colo clay loam, is a minimal 
Humic Gley formed from alluvial sediments. The surface 9 to 12 inches 
is a dark grayish-brown to nearly black clay loam with a well developed 
medium to coarse granular structure. Below a depth of about 55 inches, 
the soil is sandy and yellowish-brown in color. Sand or gravel is en­
countered at depths ranging from about 5 to 7 feet. The water-holding 
capacity totals about 7.5 inches of available water in the upper 5 feet 
of soil. Additional details on the soil properties of the Colo clay loam 
are given by Benoit (1). 
2.2. Design 
The design of the experiment was a randomized complete block with 
two treatments and two replications giving a total of four plots. The 
experimental area was 120 feet square. The area was subdivided into four 
40-feet square plots with a 10-foot alleyway between each plot. Borders 
on the west and south were 20 feet wide, while the east and north borders 
were 10 feet wide. The entire experimental area was planted to com with 
the exception of a narrow walkway between the plots. The general view of 
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the experimental setup is shown in Figure 1. This picture shows : one 
replicate of the experiment with the plastic covered plot located on the 
right and the natural plot located on the left; the anemometer which was 
maintained 1 m above the crop is located on the mast shown in the right 
center; the recorder shelter is shown in the upper left; and the weather 
station is shown in the upper center. 
2.3. Treatments 
The two treatments consisted of: corn growing under natural con­
ditions, and corn growing through a black plastic film. 
The plots in which the corn was growing under natural conditions 
will be referred to as the natural plots, and the plots in which the 
corn was growing through the black polyethylene film, will be referred 
to as the plastic covered plots. The loss of soil moisture from the 
natural plots is called évapotranspiration, and the loss of soil moisture 
from the plastic covered plots is called transpiration. 
The experimental area was surveyed in the fall of 1958. The 
area was then plowed and disked. After this tillage, the natural plots 
were leveled and a 27» grade was constructed on the plastic covered plots. 
The natural plots were leveled to prevent horizontal movement of 
surface water. A soil barrier, approximately 12 inches wide and 8 inches 
high, was constructed around each natural plot to prevent surface run-off 
or run-on. Each natural plot was also quartered with barriers to curtail 
movement of surface water within the plot. 
A 27. grade was established on the plastic covered plots to insure 
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Fig. 1. General view of the experimental setup 
Fig. 2. View of a plastic covered plot 
Fig. 3. Sealed plastic around a hill of corn 
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that rainfall would run off the plots. The direction of the slopes were 
such that the rainfall would drain into the outside borders. One of the 
plastic covered plots was used to measure rainfall interception. To 
accomplish this, four 220-gallon stock tanks were buried in the border 
along this plastic covered plot to catch the surface run-off. This plot 
was then framed and quartered down the slope with 3/4 x 2 inch boards. 
The plastic film, placed over the framing, formed barriers which divided 
this one plastic covered plot in fourths. The run-off from each one-
fourth would then drain into one of the four buried tanks. The amount of 
water contained in each tank was then a separate estimate of run-off. 
2.4. Plant Population and Spacing 
The entire experimental area was planted with com (Iowa Hybrid 
4570) on May 15, 1959. The com was planted in 40-inch hills at the 
rate of eight kernels per hill. Each hill consisted of two kernels 
planted at each corner of a 6-inch square. The plants were thinned to 
four per hill on June 10, 1959. This spacing and planting rate gave a 
plant population of 15,682 plants per acre or 144 hills per plot. 
The com was planted at the comers of a 6-inch square for two 
reasons: (1) to allow room for the soil moisture probe shielding to fit 
between the stalks of com and on top of the access pipe which had been 
located in the center of the hill, (2) to allow room for an individual 
plastic seal around each stalk of com in the plastic covered plots. 
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2.5. Plastic 
The treatment, referred to as the plastic covered plots, consisted 
of corn growing through a 6-mil black polyethylene (Vis Queen) film 
which covered the ground. The placing or laying of this plastic film was 
accomplished in two steps. In the first step, two 12-inch squares of 
plastic (with four 3/8-inch holes punched on the diagonals at the 6-inch 
square locations) were placed on the ground at the 40-inch hill spacing, 
and were partly covered with soil to hold them in place. Two kernels of 
com were then planted (May 15, 1959) i'n each of the four holes. After 
the corn had developed a sufficient root system, the second stage was 
accomplished. The second stage consisted of covering the ground (June 5 
to 9, 1959) in each of the two plots with 40-foot square sheets of 
plastic. These sheets of plastic had one hundred and forty-four 8-inch 
square holes precut at the 40-Inch hill spacings. 
Each 40-foot square sheet of plastic was unrolled over one row of 
com at a time. At each of the 12 hills within the row, the large 
sheet of plastic was sandwiched between the two 12-inch squares of 
plastic, and were quadruple sealed with an electric heat sealing iron. 
Figure 2 shows a view of a plastic covered plot. This figure illustrates 
the planting arrangement of the experiment. 
The net result of the plastic placing or laying operation was 576 
plants of com growing through 3/8-inch individual holes in each of the 
two 40-foot square pieces of plastic. As the corn grew and the stalk 
enlarged, the plastic was stretched tightly around each stalk thus pro­
ducing a very effective water seal. A close-up view of a hill of corn 
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in a plastic covered plot is shown in Figure 3. Note the plastic seals 
around the hill which were made with the heat sealing iron. Figure 3 
also illustrates the stretching of the plastic around each plant as the 
stalk enlarged. 
2.6. Soil Moisture 
2.6.1. Soil moisture determinations 
Soil moisture determinations were made at four locations in each 
plot (total of 16 locations) with a soil moisture neutron meter. Two of 
the four locations in each plot were in the center of a hill of corn, 
and the other two locations were centered on the diagonals between hills 
of corn. At each of the locations, soil moisture determinations were 
made at foot increments from the soil surface to a depth of 6 feet. 
Soil moisture determinations were made two to four times weekly at 
each of the 16 locations from June 3 to September 9, 1959. During this 
period, a total of 4,032 soil moisture determinations were made. 
Soil moisture determinations were made with a soil moisture neutron 
meter manufactured by Nuclear-Chicago consisting of: a portable scaler, 
Model 2800 ; and a depth moisture probe, Model P 19. The soil moisture 
neutron meter used is shown in Figure 4. This unit was modified with 
an electrical timer (see electrical timer for neutron meter 2.8.) to 
obtain more accurate determinations. 
The average of the loss of soil moisture from one hill and one 
diagonal location was considered to be an estimate of the soil moisture 
loss per unit area. Two of these estimates of soil moisture losses 
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were obtained from each plot, and a total of four separate estimates of 
soil moisture loss were obtained for each treatment. 
2,6.2. Soil moisture level 
A high soil moisture content was maintained on both treatments by 
means of supplemental irrigation. The plots in both treatments were 
irrigated by pumping water, under high pressure, through perforated 
plastic pipes. These perforated plastic pipes were located under the 
plastic film in the plastic covered plots. 
The soil moisture content, to a depth of 4 feet in the plastic 
covered plots, was above 60% available 94% cf the time and above 70% 
available 74% of the time. The soil moisture content in the natural 
plots was above 60% available 97% of the time and,above 70% available 
86% of the time. . 
2.7". Recording:System^ 
2.7.1. Recorder number 1 
Temperatures were recorded on a 16~point Brown strip chart 
potentiometer. This potentiometer was calibrated for copper=constantan 
thermocouples to record temperatures from zero to 150°F. This recorder 
is the lower recorder shown in Figure 5. The electrical timer, which is 
located on the upper left of this recorder, was connected to the record? 
ing mechanism of this potentiometer, and caused the temperatures to be 
recorded hourly. 
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Fig. 4. Soil moisture neutron meter, timer, and carrier 
Fig. 5. Recorders, timer, switching mechanism, and the 
recorder shelter 
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2.7.2. Recorder number 2 
Net radiation was recorded on a single c,pen Brown strip chart 
potentiometer having a chart speed of 6 inches per hour (see upper 
recorder, Figure 5). This recorder was calibrated to record inputs of. 
-1.25 to +1.25 mv. 
2.7.3. Switching mechanism 
A rotary switch (see switch held in Figure 5) was used to connect 
12 miniature net radiometers to recorder number 2. This rotary switch 
was constructed by placing 12 micro-switches in a circle so that each 
could be activated by a rotary plexiglass cam. This rotary cam was 
attached to a 1/30 rpm or 2 rph synchronous electric motor. This 
construction allowed for each of the 12 switches to be activated for 
approximately 2 minutes each half hour. A 13th micro-switch was 
activated, in the interim between the activations of the 12 micro-
switches , by a second cam attached to the same motor. 
The contacts of the micro-switches were gold plated to permit 
good contact for the low voltages (mv)i The wiring of this switching 
mechanism allowed the output from each of the 12 net radiometers to be 
recorded approximately 2 minutes each 1/2 hour, and to cause the recorder 
to indicate zero potential during the interval between the 12 recordings. 
This was accomplished by connecting the normally positive side of the 12 
net radiometers to the positive terminal of the potentiometer. The 
normally negative side of the net radiometers was attached to one pole of 
each of the 12 micro-switches. The second pole of the 12 micro-switches 
was commonly wired, and was connected to the negative terminal of the 
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potentiometer. The 13th micro-switch was connected to the potentiometer 
with one pole to the positive terminal and the other pole to the negative 
terminal„ 
2.7.4. Extension cables 
One extension cable was used in each plot to connect the thermo­
couple and the net radiometer units to the recorders. A view of the 
extension cables may be seen in Figures 2 and 5. These extension 
cables were constructed by inserting a paired vinyl-covered intercom 
cable containing twenty-two 22 gauge conductors and a 24-gauge poly­
vinyl covered copper=constantan thermocouple wire in a 1/2 inch flexible 
conduit (see Figure 5)„ The results of this construction was a common 
constantan for the 23 copper conductors. The flexible conduit shielding, 
was used to prevent accidental damage to the cable. The plot end of the 
flexible conduit was connected to a 6 x 6 x 6-inch aluminum utility type 
cabinet called a plot junction box (see Figure 2).. Female Elco varicons 
were attached to an insulating panel which was placed inside of this plot 
junction box. These varicons were connected to the copper and constantan 
conductors so that each copper conductor was fastened to a single varicon 
pin, while the common constantan was fastened to the varicon pins equal in 
number to the thermocouples used for temperature determinations. 
The male pins of the varicons were individually soldered to the 
copper and constantan wires of the thermocouples used for temperature 
determinations, and were individually soldered to both leads of the net 
radiometers. 
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This method of wiring was used so that any thermocouple or net 
radiometer unit could be connected, removed or tested for mal-function, 
independently of the others. 
One of these extension cables was used in each of the 2 plots 
sampled. One extension cable was 70 feet long, and the other was 50 feet 
long. 
2.8. Electrical Timer for Neutron Meter 
The mechanical timers supplied with the neutron meter gave vari­
ations of + 12-cycle counts from the set counting time. For a 30-second 
count the + 12-cycle counts deviation was equal to + 1/5 second. This 
+ 1/5 second allowed large errors when high counting rates were encount­
ered. Because of this variation in counting time, the difficulty in set­
ting the counting time, and the experimental precision needed, an 
electrical timer was constructed to control the counting time and the 
variation of counting. The timer is located immediately ahead of the 
scaler on the carrier in Figure 4. This timer was constructed by attach­
ing two plexiglass cams to a 1 rpm synchronous electric motor so that the 
cams would activate three micro-switches. Two of the micro-switches were 
connected to the counting cycle, and the other micro-switch was connected 
to a warning signal. One plexiglass cam was cut so that the counting 
time of the neutron meter was 48.45 seconds, and the non-counting 
time was consequently 11.55 seconds. The other plexiglass cam was 
cut to activate a warning buzzer 5 seconds before the end of the counting 
cycle and again 5 seconds before the start of the next counting cycle. 
Since this timer was left running countinuously during the period of 
operation of the neutron meter, ahd the non-counting or reading time 
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and zeroing time was 11.55 seconds ; this warning buzzer seemed necessary 
to prevent missing a reading and ultimately save operation time of the 
neutron meter. The timer, constructed as described, gave repeated cycle 
counts of less than 1-cycle count variation, or in other words, the 
counting time of the neutron meter was controlled to less than 1/60 
second. This precision in controlling the counting time ultimately led 
to greater precision in moisture"determinations. 
2.9. Wind of the Micro-layer 
In the 1958 pilot experiment, wind was measured 2.5 cm, 5 cm, 10 cm, 
and 30 cm above the ground surface, within the crop cover, with four 
thermocouple type anemometers. The output from the three lower 
anemometers was recorded for a 2-minute period every 30 minutes, while 
the output from the 30-cm anemometer was recorded for a 4-minute period 
every 30 minutes on a single pen Brown strip chart potentiometer (see 
2.7.1. recorder number 2 and 2.7.3. switching mechanism). 
The complete construction and calibration details of the thermo­
couple type anemometer and the results obtained are presented by 
Fritschen and Shaw (13). 
2.10. Temperatures 
2.10.1. Soil temperatures 
Soil temperatures were measured at two depths, 6 mm and 10 cm, in 
one plot of each of the two treatments. These two depths were replicated 
three times by using parallel thermocouples so that a single temperature 
(the average temperature of the three thermocouples) was obtained. The 
soil temperatures were obtained by connecting soil temperature elements 
to recorder number 1 by a plot extension cable (see 2.7.1. recorder 
number ; and 2.7.4. extension cables). The soil temperature elements 
were constructed similar to those described by Portman (24) , by placing 
two=1/4-inch I.D. x 6-inch copper tubes through a block of wood 3/4 x 
1 1/2 x 4 1/2-inches so that the tubes were 6 mm and 10 cm, respectively, 
from one end (top end) of the wooden block. The extreme end of the 
copper tubes was crimped, pointed, and sealed with beeswax to prevent 
moisture seepage. A 3/8-inch I.D. polyethylene tube was sealed onto the 
block ends of the copper tubes with black Minerallac number 78. A 24-
gauge polyvinyl insulated copper-constantan thermocouple was- inserted 
into each of the copper tubes through the polyethylene. Thus the . 
thermocouple wire was double insulated where it was possible to make 
contact with the ground with the exception of the portion of the thermo­
couple wire which was in the copper tube. The portion of the thermocouple 
wire, which was in the copper tube, and the thermocouple junction itself 
were insulated by dipping in black Minerallac number 78, a heat conduct­
ing high tension insulating compound. The thermocouple wire and junction 
were then wrapped with a single layer of Scotch electrical tape number 33, 
and dipped in the Minerallac a second time. 
The completed soil temperature elements were placed in the soil with 
the copper tubes parallel to the soil surface, at 6-mm and 10-cm depths, 
by pushing the copper tubes into the bank of an open trench. 
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2.10.2. Air temperatures 
Air temperatures were measured at four heights in each of the two 
treatments. These heights were 5 cm, 30 cm, standard screen height, 
and crop surface height. These heights were selected for observation 
after considering the 1958 data. The 5-cm and the 30-cm heights were 
replicated three times with parallel thermocouples so that a single 
temperature (the average of the three) was obtained. The standard 
screen height and the crop surface height temperatures were not repli­
cated because the placement within the plot was not considered as 
critical. The air temperature elements were connected to recorder 
number 1 by a plot extension cable (see 2.7.1. recorder number 1 and 
2.7.4. extension cables). The air temperature elements were constructed 
similar to those described by Portman (25) , by placing a copper-constantan 
thermocouple between four sheets of aluminum in such a manner as to 
shield the thermocouple from both solar and terrestrial radiation. These 
sheets of aluminum were spaced to allow free air passage between them. 
The thermocouple exposed surfaces of the two inner aluminum sheets were 
painted with flat black paint (Decorete 2781). The size and spacing of 
the four aluminum sheets were determined partly by the sun1 s angle during 
the growing season. That is, the top sheet of aluminum was large enough 
to shield the lower sheets of aluminum from solar radiation during the 
days with the exception of early morning and late afternoon. 
The thermocouples were made of 24-gauge polyvinyl covered copper-
constantan thermocouple wire. This thermocouple wire was inserted in 
3/8-inch I.D. polyethylene tubing where it could have made contact with 
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the air temperature element or the ground. This double insulation was 
used to prevent interference of stray potentials, which could arise 
from a grounded or short circuited thermocouple. The thermocouple 
junctions were coated with the black Minerallac. 
2.11. Net Radiation 
Net radiation was measured 1 m above the crop surface and 6 inches 
above the ground and/or plastic surface in one replicate of the experi­
ment with 12 miniature net radiometers, Model II. Each net radiation 
position was replicated three times. 
The miniature net radiometers, used in this experiment, were de­
signed during the winter of 1957-1958, and were tested during the summer 
of 1958. The design and results of some tests of the miniature net 
radiometer, Model I, were presented by Fritschen and van Wijk (14). 
These miniature net radiometers were further tested and developed during 
the winter and summer of 1959. As a consequence of this further testing, 
miniature net radiometers, Model II and III, were developed. The 
construction and calibration details of the miniature net radiometer, 
Model III, are,presented by Fritschen (12). Miniature net radiometer, 
Model III, is shown in Figure 6. 
The physical placement of the, miniature net radiometers on the 
radiation tower may be seen in Figures 1 and 2. Note that two miniature 
net radiometers (1 m above the crop surface and 6 inches above the 
ground) are located on each leg of the radiation tower (Figure 2). 
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2.12. Other Meteorological Factors 
Several other meteorological factors were measured. These factors 
were : wind (1 m above the crop surface and 1.5 feet above the evapora­
tion pan); pan evaporation; rainfall (amount, intensity, and duration); 
and relative humidity. The weather station, located at the experimental 
site, is shown in Figure 7. 
Wind was measured with standard three-cup anemometers. To measure 
wind 1 m above the crop surface, one anemometer was fastened to a mast 
(see Figure 1) in Such a way that it could be raised as the crop grew. 
Pan evaporation was measured with a hook type micrometer in a 
U.S. Weather Bureau Class A evaporation pan. 
Rainfall was measured with a standard 8—iftch rain gauge and a 
weighing type rain gauge. Amount, intensity, and duration of rainfall 
were obtained from the weighing rain gauge. 
A standard U.S. Weather Bureau instrument shelter was used to house 
the maximum and minimum thermometers, and Friez recording hygro-
thermograph. 
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Fig. 6. Miniature net radiometer, Model III 
Fig. 7. Weather station located at the experimental 
site 
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3. EXPERIMENTAL RESULTS AND DISCUSSION 
Large amounts of data were collected during the operation of this 
experiment. Over 100,000 observations were made in 1959 alone. Since 
the amount of data is very large, only summarized forms of the data are 
presented herein. Copies of the original data will be filed in the 
Agricultural Climatology Office, Department of Agronomy, Iowa State 
University and in the U.S.-Weather Bureau Library, Washington, D. C. 
3.1. Wind of the Micro-layer 
Wind measurements of the micro-layer were not made in 1959 ; con­
sequently , the results presented herein are from the 1958 experiment. 
The 1958 recordings of wind at the 2.5-cm to 30-cm heights were inte­
grated over periods. These integrated results were compared with the 
wind recorded 1 m above the crop surface. The wind speeds measured at 
the 2.5-cm to 30-cm heights appeared to be dependent upon the height of 
the crop surface and the speed of wind above the crop surface. Because 
of this apparent dependence, the data were divided into three groups. 
These groups included the periods: (1) when the corn was less than 1 m 
tall; (2) when the corn was 1 to 2 m tall; and (3) when the corn was 
greater than 2 m tall. Within each of these periods, linear regressions 
of wind speed at 2.5-cm to 30-cm heights on the wind speed 1 m above the 
crop surface were computed. The regression equations obtained were: 
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Period 1: Corn surface less than 1 m 
Y0 , = 0.0337 + 0.0519X, r = 0.961* 
z._> cm 
A 
Y, = 0.0061 + 0.2039X, r = 0.991* 5 cm 
Y_„ = 0.0241 + 0.3148X, r = 0.995** 
10 cm 
$30 cm = 0.0912 + 0.4714X, r = 0.996** 
Period 2; Corn surface 1 m to 2 m tall 
Y0 , = 0.0030 + 0.0611X, r = 0.884* 
z .3 cm 
^5 cm = 0-0273 + 0.0866X, r = 0.841 
Y.., = 0.0243 + 0.1392X, r = 0.829 
JLU cm 
Ynn = 0.0859 + 0.2297X, r = 0.941* 
JO cm 
Period 3: Corn surface greater than 2 m 
Y„ , = 0.0207 + 0.0162X, r = 0.488** 2.3 cm 
Y, = 0.0248 + 0.0540X, y >= 0.672** 5 cm 
Y1n = 0.0393 + 0.0687X, r = 0.588** 10 cm * 
= 0.1132 + 0.1125X, r = 0.696** 30 cm 
where Y^ ^  is the estimated average wind speed at the 2.5-cm height 
(expressed in m sec"^) , X is the average wind speed 1 m above the crop 
surface (expressed in m sec"^-) , * and ** represent the 1 and 57, signifi­
cance levels, respectively. 
Notice that the regression lines do not pass through the origin. 
This is probably due to the fact that the standard three-cup anemometer 
has a starting speed of over 1 mph. Consequently, the three-cup 
anemometer would indicate calm conditions, while the thermocouple type 
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anemometers indicated some wind movement. 
The first period contained 4=days data, the second period contained 
6»days data, and the third period contained 19-days data„ All of the 
corrit.vîitlon coefficients were significant for Periods 1 and: 3. 
In Periled 2, the correlation coefficient for the 2.5-cm and 30-cm 
heights were significant„ Period 2 represents the interval when the 
corn was greater than 1 m tall but less than 2 m tall, or 12 days. 
Because of the rapid change in crop surface height, the 5-cm and 10°cm 
heights were not closely related to the wind speed 1 m above the crop 
surface. 
The slopes of the regression lines decreased as the corn grew 
taller; that is, the slope of the regression line at the 30=cm height 
was 0.4714 during Period 1 and 0.1125 during Period 3. The general 
decrease in the slope of the regression lines throughout the periods 
indicated that the wind passing over the crop surface had less effect on 
the wind near the ground, within the crop cover, as the com grew taller. 
Sutton (27) stated that evaporation from a soil surface is a function of 
the wind speed. Therefore, the wind passing over the crop surface would 
have less effect on the amount of evaporation from the soil as the crop 
grew taller. 
3.2. Rainfall Interception 
Rainfall Interception by the corn canopy (for methods, see 2.3.) 
was measured from July 11 to maturity in 1958 and 1959. The rainfall 
patterns and amounts were quite different in these 2 years. The growing 
season of 1958 had numerous storms and above normal rainfall„ while very 
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few storms and below normal rainfall occurred during the growing season 
of 1959. In 1959, the plot tank ratio was such that the tanks would hold 
a run-off from a 0.75-inch rain. During the period measured in 1959, 
only two storms with rainfall of greater than 0.075 inch and less than 
0.75 inch occurred. This is not sufficient data for any analysis, 
therefore, the 1958 data are presented. In 1958, the plot tank ratio 
was such that the tanks had a capacity of holding the run-off from a 
1.35—inch rain. 
Evaporation of intercepted rainfall, from a crop surface, was 
assumed to approximately substitute for soil water used in transpiration. 
Therefore, the rainfall interception data were used primarily in 
estimating the amount of water lost by evaporation from the crop surface. 
However, these data (Table 1), can be used to establish trends for 
plant canopy interception. 
When the interception data were plotted against rainfall, the 
linear regression obtained was: 
$ = 0.026 + 0.118X, r = 0.82**, 
where is the estimated interception in tenths of inch and X is the 
precipitation in inches. Although the correlation was significant at 
the 1% level of probability, considerable scattering of the data points 
was evident at the higher amounts of rainfall. 
It was assumed that interception of the plant canopy was more a 
function of duration of rain rather than the total amount of rainfall. 
Consequently, a regression line was computed for interception against 
duration of rainfall, The regression equation obtained was: 
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Y = 0.063 + 0.0003367X, r = 0.99**, 
A 
where Y is the estimated interception in tenths of inch and X is the 
duration in minutes. Only six data points were available for computing 
this regression. Points 2 and 3 were omitted because the amount of rain 
intercepted was less than the Y intercept; indicating that the plant 
Table 1. Interception data 
Point Total Duration Average 
number precipitation (minutes) interception 
1 .55 70 .09 
2 .13 65 .02 
3 ,09 115 .03 
4 1.00 465 .22 
5 .40 38 .06 
6 .96 75 .09 
7 .58 675 .14 
8 1.56 345 .18 
9 .48 15 .08 
Based on average of two plots. 
canopy could intercept more rain than fell. Point 7 was omitted 
because of the low intensity of the storm; only 0.58 inch of precipita­
tion fell in 675 minutes. It was felt that, during this long period, 
the plant canopy could intercept at a higher rate, if greater intensity 
of precipitation had occurred. There may also have been some évapora- , 
tion during this period. 
The last regression line indicates that the plant canopy can 
initially intercept 0.063 inches of rain, and can intercept subsequent 
rainfall at the rate of 0.02 inch per hour, provided the intensity 
27 
exceeds this value. The original interception can be held on the leaves, 
or in the pocket where the leaf joins the stalk. As the rainfall con­
tinues, the water can slowly funnel into the void between the leaf and the 
stalk. The space available for storage plus evaporation from the leaves, 
during the rain, may explain the slope of the line. Ultimately, there 
will be no additional space for storage of water, and interception would 
be expected to decrease. 
In 1958, rainfall interception recorded amounted to 0.91 inch 
during the growing season. The evaporation of the intercepted rainfall 
may approximately substitute for transpiration water, and thus"reduce the 
amount of soil moisture utilized. 
3.3. Temperatures 
Soil mulches of leaves, straw, and sawdust have long been used for 
weed control and moisture conservation on horticultural crops. Recently, 
increased yields and earlier maturity of various crops have been reported 
when plastic films were used as the mulch. However, very limited research 
has been conducted on the effect of these plastic films on the micro­
climate. Only limited data area available concerning the effect of 
plastic films on soil and air temperatures. Honma et al. (17) presented , 
soil and air temperatures (from selected days) obtained by using various 
plastic films. These data may not represent the growing season adequate­
ly. The temperatures were obtained from small plots without crops growing 
on them, and may not be representative of conditions under actual crop 
growth. The author is not aware of any published data concerning the 
seasonal effect of plastics on soil and air temperatures under actual 
cropping conditions. 
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Figures 8 to 14 illustrate diurnal and seasonal soil and air temper­
atures observed on plastic covered plots cropped to corn. The shading, in 
Figures 8 to 14, represents the température difference observed between 
plastic covered plots and the natural plots, and is positive when the tem­
perature in the plastic covered plot is the greatest. The diurnal and 
seasonal soil and air temperatures for the natural plots are obtained by 
subtracting the observed treatment difference from the isotherms present­
ed. The temperatures (Figures 8 to 14) are the temperatures at each-hour 
of the day averaged for 5 days. 
3.3.1. Soil temperatures 
3.3.1.1. 10-cm soil temperatures The 10-cm soil températures are 
presented in Figure 8. The greatest range of diurnal 10-cm soil tem-r 
peratures occurred during June; when the com was small (Figure 17) , and 
did not greatly shade the ground. The maximum 5-day average diurnal tem­
perature range occurred June 21-25 (Figure 8). The maximum 5-day average 
diurnal temperature range was 14 degrees in the plastic covered plots and 
22 degrees in the natural plots. The 5-day average diurnal range de­
creased from a maximum (June 21-25) to a minimum (August 1-5), and then 
increased.throughout the rest of the growing season. A minimum 5-day 
average diurnal temperature range of 4 degrees (August 1-5) was observed 
in the plastic covered plots, and 4 degrees (August 1-5) was observed in 
the natural plots. In general, the 5-day average diurnal temperature 
ranges were 1 to b degrees greater on the natural plots than on the 
plastic covered plots. 






u-> rvj ?J  ^10 — 10 S S m  ^O lo 
r % ± J, i : i : i * , - ' 
o m 
rxj r j 
ID OJ CM *  z  g  r u  %  _ a > = î £ r , ^ - ^  
O to o 
OJ CXI ro m 
iD I Ù) I 
CM C<1 
J U N E  J U L Y  A U G U S T  S E P T  
| | LESS THAN 1° :::::' r-5s #:% 6 °  - 1 0 °  
11° - 15° 
Fig. 8. Diurnal and seasonal 10-cm soil temperatures for the plastic 
covered plots and the temperature difference between 
treatments 
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in the plastic covered plots and 1700 hours in the natural plots. The 
general time of occurrence of these maximum did not change during the 
period reported. 
The 10-cm daily minimum soil temperatures occurred at 0600 hours dur­
ing June, at 0700 hours during July, and at 0800 hours during August and 
September in the plastic covered plots. The 10-tm daily minimum soil tem­
peratures in the natural-plots, occurred at 0400 hours during June, at 
0700 hours during July, 0800 hours during August, and 0600 hours during 
September. 
The greatest temperature difference between the treatments, at the 
10"cm depth, occurred at night during early June (see shaded area', Figure 
8). In general, the difference in soil temperatures was less than 5 de­
grees during July and August, and less than 10 degrees during September. 
The 10-cm soil temperatures were always greater in the plastic covered 
plots. The seasonal average temperature was 78.2 degrees in the plastic 
covered plots and 74.0 degrees in the natural plots. This difference in 
temperature represented 5.4 more growing degree days, at the 10-cm depth, 
in the plastic covered plots than in the natural plots during the 110-day 
season. 
3.3.1.2. 6-mm soil temperatures The 6-mm soil temperatures are 
presented in Figure 9. Here again, the maximum range of diurnal 6-mm soil 
temperatures occurred during June. The maximum 5-day average diurnal 
temperature range occurred June 21-25. The maximum 5-day average 
diurnal temperature range was 23 degrees and 31 degrees in the plastic 
covered and the natural plots, respectively. The minimum diurnal tem­
perature range occurred August 1-5, and was 8 and 12 degrees for the 
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plastic covered and natural plots, respectively. 
The 6-mm maximum daily soil temperature occurred at 1600 to 1700 
hours during June and 1400 hours during the rest of the season in the 
plastic covered plots. The maximum 6-mm daily soil temperatures occurred 
earlier in the natural plots. During June, the maximum 6=mm daily soil 
temperature occurred at 1500 hours, and occurred at 1300 hours during the 
rest of the season. 
The time of occurrence of the 6-mm minimum daily soil temperature 
was different than the 10-cm occurrence. The 6-mm minimum daily soil 
temperature occurred at 0500 hours in both treatments throughout the 
season. 
The greatest treatment temperature differences, at the 6-mm depth, 
were noted at night during the early and late portions of the growing 
season (see shaded area, Figure 9). Here again, the plastic covered 
treatment had the greatest soil temperatures. The smallest treatment 
temperature differences, at the 6-mm depth, were observed during the 
mid-day hours. The soil temperature differences were positive or negative 
at mid-day, and were dependent upon the synoptic situation. 
The 24-hour average 6-mm soil temperatures are presented in Figure 
10, The treatment temperature differences range from 4 to 10 degrees 
throughout the season. With this 4 to 10 degrees greater temperature, 
the corn on the plastic covered plots had an equivalent of 6 more growing 
degree days, at the 6-mm depth, than the corn on the natural plots, for 
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Pig. 10. Comparison of air temperatures (average of 5-cm, 30-cm, and crop height readings) and 
6-mm soil temperatures 
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3.3.1.3. Discussion of soil temperatures The soil temperature 
treatment differences may be explained by examining the effects of the 
plastic film. Black plastic film is not transparent to radiation. 
Therefore, the energy which passes through the film must be absorbed by 
one surface, conducted through the film, and reradiated at the other 
surface. When the plastic film is p.laced on the ground so that the air 
movement underneath is restricted, a film of moisture condenses on the 
lower side of the plastic. The condensed moisture layer and the plastic 
film effectively trap long wave terrestrial radiation. Thus the plastic 
film and the condensed moisture act as a greenhouse. This "greenhouse 
effect" then is the cause of the treatment temperature differences. 
3.3.2. Air temperatures 
3.3.2.1. 5-cm air temperatures The 5-cm air temperatures are 
presented in Figure 11. The air temperatures at 5-cm, being influenced 
more by the synoptic situation, are more variable than the 6-mm soil 
temperatures. The treatments do not have as profound effect on the air 
temperatures as the soil temperatures. The seasonal occurrence of the 
maximum and minimum diurnal temperature differences were the same as the 
soil temperatures (3.3.1.2.). The maximum diurnal temperature range 
was 38 degrees in both treatments. The minimum diurnal temperature 
range was 17 degrees in both treatments. 
The time of occurrence of the daily maximum air temperatures were 
the same for both treatments, and were similar to the maximum 6-mm soil 
temperature occurrences (3.3.1.2.). 
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The daily occurrences of the minimum air temperatures were the same 
for both treatments, and were 1 hour earlier than the occurrence of the 
6-mm soil temperatures (3.3.1.2.) . The 5-cm minimum air temperatures 
occurred at 0400 hours throughout the season. 
The 5-cm air temperatures in the plastic covered plots were warmer, 
during the daylight hours, than the 5-cm air temperatures in the natural 
plots (see shaded area, Figure 11). The greatest treatment temperature 
differences occurred at mid-day in late August and early September, and 
were 3 to 5 degrees. The rest of the temperature differences were 1 to 2 
degrees. 
3.3.2.2. 30-cm air temperatures The 30-cm air temperatures are 
similar to the 5-cm air temperatures with regard to the amount and 
occurrence of the diurnal temperature ranges (maximum and minimum). The 
time of occurrence of the diurnal maximum and minimum temperatures was 
also similar. 
In comparing the 5-cm and 30-cm air temperatures (see Figures 11 and 
12) , one notices that the air temperatures at 30^cm were slightly cooler 
than the air temperatures at 5-cm, There is also less treatment tempera­
ture difference at the 30-cm height than the 5-cm height. A large 
majority of the 30-cm treatment temperature differences (shaded area, 
Figure 12) were 1-degree differences. 
3.3.2.3. Screen height air temperatures The air temperatures at 
screen height are presented in Figure 13. The occurrence of the maximum 
and minimum diurnal temperature ranges were the same at the screen height 
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and minimum for the plastic covered plots were 33 and 18 degrees, aW the 
maximum and minimum for the natural plots were 36 and 19 degrees. 
The occurrences of the daily maximum and minimum temperatures, at 
screen height, were similar to the occurrences at the 5-cm height 
(3.3.2.1.) . 
The air temperatures observed at screen height were generally cooler 
than the 30-cm and 5-cm air temperatures (Figures 11, 12, and 13). 
It should be noted that the temperature sensing elements, at screen 
height, were above the crop surface until the July 16-20 period and were 
within the crop canopy after the July 16-20 period. Therefore, the 
treatment temperature differences should be discussed for these two 
periods. Here again, the majority of the treatment temperature differ­
ences were 1-degree differences. The natural plot screen height, or in 
this case, free air temperatures were warmer at mid-day during early June 
(shaded area, Figure 13) than the similar temperatures in the plastic 
covered plots. This pattern changed and reversed itself, as the com 
grew taller and approached screen height (July 6-15). After the air 
temperature sensing elements were enclosed in the plant canopy (July 21 
to September 9), the screen height air temperatures in the natural plots 
were again warmer at mid-day than the similar temperatures in the plastic 
covered plots. This is a reversal of the pattern established at the 
5-cm and 30-cm heights. 
3.3.2.4. Crop height air temperatures The air temperatures at 
the crop surface height are presented in Figure 14. The height of the 
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plastic covered plots and the temperature difference 
between treatments 
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the maximum and minimum diurnal temperature ranges were the same at the 
crop surface height and the 10-cm soil temperature depth (3.3.1.2.). 
However, the maximum and minimum temperature ranges, for the plastic 
covered plots, were 33 and 18 degrees; and the maximum and minimum for • 
ttie natural plots, were 35 and 18 degrees. 
The occurrences of the daily maximum and minimum temperatures, at 
the crop surface height, were similar to the occurrences at the 5-cm 
height (3,3.2.1.) . 
The air temperatures observed at the crop surface height were 
generally cooler than the temperatures at the 5-cm and 30-cm heights, 
and were similar in magnitude to those observed at the screen height (see 
Figures 11, 12, 13, and 14). 
Practically all of the treatment temperature differences (shaded 
areas, Figure 14), at the crop surface height, are 1 degree differences. 
These differences do not appear to be a direct result of the treatments,, 
and may be partially rounding differences in computing the 5—day averages. 
3.3.2.5. Discussion of air temperatures The effect of the 
treatments is different for the air and soil temperatures. Generally, 
the greatest soil temperature treatment differences were observed during 
the night, while the greatest air temperature treatment differences were 
observed during the daylight hours. The air temperature treatment dif­
ferences may be explained by the fact that some of the energy, which 
passes through the plant canopy in the natural plots, is used in evapora­
tion of soil moisture. This is not the case in the plastic covered plots, 
Neither treatment seemed to have much effect on the night time temper­
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atures. The air temperature treatment differences noted in Sections 
3.3.2.1. to 3.3.2.4. were very small, and generally were less than 1 
degree when the daily temperature averages were computed. This fact is 
illustrated in Figure 10, comparison of air temperatures (average of 
5-cm, 30-cm, and crop height readings). In général, the treatments, 
although having a large effect on soil temperatures, had very little 
effect on the air temperatures. 
3.4. Crop Growth 
3.4.1. Root growth 
The root distributions along a north-south axis are shown in 
Figures 15 and 16. Four such root samples were taken. Since the 
distribution patterns were similar, only two are shown. These root 
samples were taken in early December. Consequently, most of the finer 
roots were lost by decomposition and breakage due to freezing and 
thawing. The root distributions, shown in Figures 15 and 16, do 
indicate a definite treatment effect, however. It should be pointed 
out that the great mass of roots at the base of the stalk (Figure 16) is 
proliferation of the brace roots. Most of the brace roots, in the 
plastic covered plots, formed above the plastic film, and did.not 
penetrate it. Therefore, no comparisons should be made at this location. 
The corn in the plastic covered plots formed 3 to 4 rings of brace 
roots, while the corn in the natural plots formed 1 to 2 rings of brace 
roots. 
The com in the natural plots, apparently developed a better root 
system, both horizontally and vertically, than the com in the plastic 
covered plots. This better root system was developed even though the 
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Root distribution along a north-south axis in 
the plastic covered plot 
iMWBbMiya 
Fig. 16. Root distribution along a north-south axis in 
the natural plot 
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soil moisture content was greater in the natural plots than in the 
plastic covered plots (2.6.2.). 
Previous work indicated early root development on the surface of 
the soil under the plastic films. However, in 1959, after the plastic 
had been removed (October), there; was no indication of surface root 
development. . . 
3.4.2. Aerial growth 
The plastic films were laid during the period from June 5 to June '9, 
1959. The com on these plots suffered some injury- as a result of 
sealing the plastic around each hill of corn, and required a few days to 
recover from this injury. After recovery date (i.e. June 15, 1959, • 
Figure 17), the corn on the plastic covered plots grew more rapidly. 
than did the com on the natural plots (Figure 17, June 15 to July 24, 
1959) . After July 24, the com on the natural plots' reached a greater 
height than the com in the plastic covered plots r This greater height 
was stalk elongation. There was no. difference in leaf area between the 
treatments at this stage. The com on the plastic covered plots was „ 
more advanced physiologically than the corn on the natural plots. This 
advancement was indicated by the 3-day difference in the 80% silking date 
(Figure 17), and was also evident in visual/ appearance at maturity. It 
is interesting to note that the higher 6-mm soil temperature in the 
plastic covered.plots, from June 5 (placement of.the plastic) until 
June 22 (80% silking date), is equivalent to 3.05 more growing,degree 
days, which is the same as the difference in the 80% silking dates. That 
is, the com on both treatments required the same number of growing 
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Fig. 17. Crop growth 
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degree days to reach 80% silking. Emmert (11) and Carolus and Downes (7) 
reported earlier maturity of melons, snap beans, tomatoes, and other 
crops grown through black plastic mulches. • 
Overhead pictures were taken at different stages .of development of 
the corn in the natural plots,- and are presented in Figures 18, .19., and 
20. The heights are the measured distance from •the* soil surface to ùhe= 
• ' 
top ligule. These pictures were- taken, at. solar nooij, 'and illustrate the 
percentage of the soil shaded with the- particular planting .system. Mini­
mum shading is obtained at solar noon when the solar radiation is the 
greatest. A large portion of the soil surface is exposed to solar radia­
tion when the corn is 24 inches tall (Figure 18). The amount of the soil 
surface exposed to radiation is not greatly reduced as the corn'reaches 
maximum height (Figure 20). Since a large portion of the soil is exposed 
to solar radiation during the growing season, considerable amounts of 
soil moisture could be evaporated from the soil surface if the soil 
surface were moist. 
3.4.3. Yields 
The: corn on the plastic covered: plots produced more grain and dry 
matter than the com on the natural plots. An equivalent of 123.3 
bushels of shelled corn and 12,594 pounds of dry matter per acre were , 
harvested in the plastic covered plots,- while the. natural plots produced 
114.0 bushels of shelled com and 11,459 pounds of dry "matter per acre. 
Higher yields on plastic covered plots have been reported by Emmert (11) , 
Carolus and Downes (7), Clarkson and Frazier (8), and others. 
Fig. 18. Overhead view of corn 24 inches tall 
in the natural plot 
Fig. 19. Overhead view of corn 54 inches tall 
in the natural plot • 
•p-
Fig. 20. Overhead view of corn 87 inches tall in: the 
natural plot 
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3.5. Radiation Trends 
Solar radiation and net radiation trends are shown in Figure 21. 
Solar radiation, as measured by the Eppiey pyrheliometer located on top 
of the Agronomy buildiifg at Iowa State University, generally decreased 
from Junei 22 to Sept:emb:e,r 10. as the sun moved further sbutK. The net 
; » • - ° . 
radiation, as measured by the: minéaturei ne.t, radiqme,t-e;r.s. lo.c;a.t--e;dï 1 mi ab:o%e 
the crop surface, re^ ined more nearly levels- Ne.fe• r:ad.i.%tiAn^ 
6 inches above the soil and/of plastic surf aces, decreased as the corn 
grew taller. The peaks on the 6-inch net radiation curve of the -natûXal 
plots coincide with the times when the soil surface was we t. Less net 
radiation was measured 1 m above the crop on the plastic covered plots 
than on the natural plots. This difference in net radiation, measured 
1-m above the crop, may be explained by the warmer soil temperatures in 
the plastic covered plots and by the surface roughness. The warmer soil 
temperature and the consequently much warmer plastic temperature would 
produce more outgoing radiation, while the smoothness of the plastic may 
tend to reflect more incoming radiation. 
3.6. Intercepted and Absorbed Radiation 
Throughput this manuscript, net radiation measured 1 m above the 
crop surface will be referred to as the plant-soil"energy, and the net 
radiation measured 6 inches above,the ground as0soil©energy. The /  " / .  ^ °  °  °  °  ^
difference between, these, or . 
•3 <•",, O 
© 0 
o ° a plant-soil energy - soil energy = plant energy. 
The soil energy is assumed to be used to heat the soil, to heat the air 
near the ground, and to evaporate water. The plant energy is assumed to 
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Fig. 21. Three day running averages of solar radiation and net radiation (1 m ybove the crop and 
6 inches above the soil surface) 
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be used in transpiration, photosynthesis, and heating the air. The amount 
of energy used in heating the air is assumed negligible. 
The corn on the plastic covered plots., intercepted, a greater, percent". 
.of the plant-soil energy (approximately 9% more) than did- thé corn^on-.the; 
* * ® : 
natural; plots for. the-period» of: June 17 to July '22, 1959 (Figure 22) ; 
• however, the amount of energy intercepted:, or plant energy received by 
the corn on both treatments, is quite similar. These facts may be ex­
plained. by the differences in the growth curves, and the difference in 
the soil temperature curves (Figure 17 and 10). That is, the taller 
corn on the plastic covered plots was able to intercept a greater percent­
age of the plant-soil energy, while the greater soil temperature and 
smoothness of the plastic reduced the total amount of plant-soil energy 
available. 
The percent of plant-soil energy intercepted by the eorn on both 
treatments, for the period July 22 to September 9, 1959 (Figure 22), is 
quite similar. This would indicate that the difference in height of the. 
com. during this period, had only a small, effect on the percent inter­
ception, The amount of radiation intercepted (plant energy), during the 
period of June 22 to September 9,1959 (Figure 22), is greater on the 
. natural plots. This difference in plant energy may be ascribed^ to^the^ 
difference in soil-temperatures, and soil and/or plastic ^ surfaite rough­
ness. This difference io available plant energy in the two treatments is 
quite great when integrated over a period or the whole season. The dif­
ferences in plant energy, soil temperatures, crop growth, and physiologi­
cal development between the treatments indicate that a different micro-
80% SILKING DATE NET RADIATION 6 ABOVE GROUND 
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climate may exist on these two treatments, therefore, the subtraction of 
values of transpiration: .(:o%t'atn"e:d;'. from the plastic, plots) from values of 
O r. ' e » 
évapotranspiration (obtained from the natural - plots») to»eobta=in estimates 
of evaporation does not appear to be justified. - % -
3.7. Water Use by Corn 
Since the subtraction of transpiration from évapotranspiration to-
obtain estimates of evaporation is not justified, another method must 
be employed. The method employed was to obtain a multiple .regression 
relation of transpiration (measured on the plastic plots) to soil and 
meteorological factors. The multiple regression relation obtained was 
then splved for estimated transpiration by substituting the values of tire 
soil and meteorological factors obtained on the natural plots. The 
estimated transpiration was then subtracted from évapotranspiration to ' : 
obtain estimates of soil evaporation. The multiple regression of 
transpiration (measured on the plastic covered plot) was computed on gm 
cal of plant energy, inches of soil moisture, air tension, wind 1 m above 
the crop surface in miles per period, and the interaction of soil mois­
ture and air tension. Air tension was computed by: 
U = TR in e, 
g es • 
Where U is the; air tension in cm, T is the average temperature in K, 
o , „ , _ " o o o o 
% is the actual vapor pressure-^ eg is the saturated vapor pressure,. g is 
0 ° ° 0 s ° 6 _ l 0 -1 
the acceleration due to gravity, and R = @4.6150 x 10 ergs gm K G. 
The multiple regression was computed for the following periods : June 25 
to September 4, June 25 to July 21, and July 21 to September 4, herein 
referred to as Periods 1-2, 1, and 2 respectively. The analyses of 
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variance for Period 1-2 arc shown in Table 2. In Period 1-2, wind was the 
o 
only factor which significantly reduced the sum of squares after plant 
energy, Since the amount of variation explained by regression for Period 
1-2 was approximately equal to the variation explained by regression in 
Period"! and Period 2, a regression relation of transpiration on plant 
°  .  .. : ,  °  - .  - -  -  .  .  - .  
energy and wind.was- computed»for Period 1-2. The regression equation 
computed is: ' T . - " * * 
A ' 
Y = 0.315. +' 0.00.0591 (X- - 548) + 0.0000-246 (Xx - 223)., r = 0.8-1**, ' . 
1 z 
where X^ is plant energy in gm cal per period, Xg is wind in miles-per 
period, and Y is transpiration in inches per period. 
The section of the multiple regression surface where X^ = Xg is 
shown in Figure 23. This section of-the multiple regression surface, 
illustrates the relationship between transpiration and plant energy for 
average wind conditions. It is interesting to note that, for this 
section, the slope of the regression line is equal to 681 gm cal cm 
of water transpired, while the X^ intercept is 15.2 cm cal. If tran­
spiration is considered purely physical, then 582 gm cal would be required 
3 
to vaporize 1 cm of water at 81°F. The difference between the 681 and 
the 582- gm- eal slopes, for an average day of 200 gm cal plant energy, is 
23.4 gm eal,-. These additional 23.4'gm câl may be estimates of the photo-
synthetic energy, energy jcorsheating the air, and; heating the water, to 
81°F; The energy required for heating the air°and heatiifg the water is 
© 
'V . © £ 
thought to be very small. 
Solving the regression equation by using values of plant energy 
obtained on the natural plots and wind, an estimate of transpiration is 
54 
Table 2. Analyses of variance 
Variation due to a dF Mean square 
Regression on Xg 
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^X^ is plant energy, X^ is soil moisture, X„ is air tension, X4 is* 






















Y= 0.315 # 0.000591 (X^ 548) + 0.0000246(X,-222) 
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Fig. 23. Regression of measured transpiration on plant energy and wind 
VI Ul 
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obtained. Values of estimated transpiration, transpiration measured on 
the plastic covered plots, and measured évapotranspiration are shown in 
Figure 24. Each point plotted represents the average of water use values 
obtained: for 5 to 18-day periods.' The'dip. in the water use curves, 
during'late July and early August., represents a period of water-use 
during a rather long period with some low radiation-values (see Figure 
21, July 24 to August 7) The estimates of transpiration (Figure 24) 
may be in excess., due to small differences in air vapor pressures between 
thertwo treatments; however, these estimates-are thought to be more 
nearly correct for comparisons than the values of transpiration measured 
° in- thé plastic covered plots:. 
Ratio so f transp irat ion (measured and estimated) to évapotran­
spiration are shown in Figure 25. Here, again, each point is an estimate -
of5 to 18-day periods. The large ratio (0.95) of estimated,transpira­
tion to évapotranspiration occurred during a period of relatively low 
radiation intensity. Shaw (26) reports ratios of 0.9 when the solar 
radiation was 250 gm cal cm"^ day-^ and 0.72 when the radiation averaged 
550 gm cal. The areas under the ratio curves .(Figure 25) were integrated 
from May 22 to September 9. The resulting seasonal ratio of estimated 
transpiration to évapotranspiration was 0".67, while the ratio of measured' 
transpiration to évapotranspiration was 0.58. As indicated previously, 
the 0.67 ratio is thought to be more nearly correct, and the 0.58 ratio 
is assumed to be too small because of the different micro-climates 
existing within the two treatments. The ratio of 0.67 indicates that the 
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Fig. 24. Measured évapotranspiration, transpiration (measured 
and estimated) and crop height of com 
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Fig. 25. Ratios of transpiration (measurëd and estimated) to 
évapotranspiration and crop height, of corn 
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Values of water use (shown in Figure 24) were cumulated throughout 
the season, and are presented in Figure 26, The cumulated measured 
transpiration, estimated transpiration, and measured évapotranspiration 
were 7.66 inches, 9.64 inches, and 12.88 inches, respectively. The dif­
ference between the measured évapotranspiration and estimated transpira­
tion curves (Figure 26) represents evaporation. More than half (1.7 
inches) of the evaporation (évapotranspiration - estimated transpiration) 
occurred prior to July 12. After July 12, the measured evapotranspira-
tion and estimated transpiration curves are nearly parallel. Closer 
spacing of the hills of corn may reduce this early evaporation by 
providing a more complete plant canopy earlier in the season. If one 
considers the estimated transpiration as transpiration from the natural 
plots, then the com on the plastic covered plots transpired less water 
(7.66 inches) than the corn on the natural plots (9.64 inches) .. However, 
o 
the corn in the plastic covered plots outyielded the corn in the natural 
• ° 
plots ; both in grain and dry matter.production (3.4.3.). The differences 
in transpiration can be ascribed to the differences in plant energy (3.6.) 
and/or treatment effect. That is, the placing of the plastic film on the 
soil surface reduced the energy available for transpiration. This reduc­
tion in energy available for transpiration, and consequently less trans­
piration, may explain the yield differences.. The reduced transpiration 
may have reduced the stress on the plants during the hot, dry periods 
which occurred August 3-4, August 11-12, and August 18-24. These hot, 
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Fig. 26. Cumulated évapotranspiration; transpiration (measured 
and estimated) and crop height of com 
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the corn on the natural plots because of the differences in transpiration 
O 
energy. Another explanation may be that the difference in physiological 
development (3.4.2.) was such that the com in the plastic covered plots 
was not damaged as much by the hot, °dry periods. • •> 
3.8. Water Use-Pan Evaporation Relations 
Long records of pan evaporation exist for many weather stations.. 
This data is still being collected at numerous locations throughout.the 
country.. Sinceothis data is readily available, it may be used as an index 
of consumptive crop water use. 
Meteorological factors have similar influences on evaporation from 
free water surfaces and plant surfaces. The major difference between 
these forms of evaporation are: (Î) plant surfaces tend to change during 
the growing Reason; (2) water available for evaporation from the plant 
surface may be limiting, however water is never limiting at a free water 
surface; and (3) difference in absorption characteristics. Since the 
physical processes affecting evaporation on both types of surfaces are 
similar, thç evaporation from an open water surface may be a useful index 
for estimating potential evaporation from a plant surface. Ratios of 
water use to pan evaporation were computed for the growing season and are 
O 
presented in Figure 27 (expressed as percents). The shape of the ratio 
curves is quite similar with the exception of the ratio of measured 
transpiration to pan evaporation from August 15 to maturity. The 
rather uniform decrease of the ratio during this period may be due to 
the advanced physiological maturity (3.4.2.) of the corn in the 
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Fig. 27. Ratios of évapotranspiration and transpiration (measured and estimated) to pan evaporation 
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deviation of the ratio points from the fitted curve could be due to two 
causes: (1) the decrease of availability of soil moisture between 
irrigation, which would create partial stresses in the plants thus limit­
ing transpiration; and (2) the pan evaporation may be greatly effected 
by advècted energy during certain periods. The evaporation pan was 
located.close to the experimental site, but on the north side of the 
meadow area (see Figure 7). The meadow was cut in late July. This 
meadow cutting may have temporarily increased pan evaporation,,and thus 
reduced the ratios. 
The ratio of water use to pan evaporation increased as the corn 
grew and developed more transpiring surface. After the corn had reached 
• o 
a.height of 50 inches (Figure 27), the ratios became constant until 
maturity was reached. This would indicate that0the corn had developed 
its maximum leaf area when it had reached a height of 50 inches. This 
O 
point" is also verified by the percentage of net radiation intercepted by 
the plant canopy (see Figure 28). That is, when the corn has reached a 
height of 50 inches (July 14), the percentage of net radiation (measured 
1 m above the crop canopy) was about 70%, The percentage of interception 
ranged between 70 and 85% during the rest of the season. The range of 
percentage of interception of radiation was dependent upon the moisture 
condition of the soil surface; that is, the greater percentages of 
interception are associated with dry soil surfaces. 
There is a very close agreement between the two curves in Figure 28. 
This implies that pan evaporation is to net radiation (measured 1 m above 
the crop) as transpiration (estimated for the natural plots) is to plant 
100 
net radiation 6" above ground 
net radiation i m. above ground 
80- O OO 
-Oo­oo oo oo 
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Fig. 28. Comparison of energy intercepted by the plant canopy and ratio of estimated transpiration 
to pan evaporation o 0 
o 
O 
energy (energy intercepted by the plant canopy). 0 
3.9. Radiation Relations 
Solar radiation measurements and percent sunshine data are available 
for several locations in the United States. These, data are representa­
tive of a large area., and may be used to estimate consumptive crop water 
use. In the section on water use by corn (3.71), a linear relationship 
between transpiration and plant energy was established. Measurements of 
0 o 9 
plant enefgy are expensive,„ and difficult to obtain; therefore, ttfe 
. 
relationship between plant energy and solar radiation was computed. oThe° 
regression equation is:. „ 
° 
"£= -31.596 + 0.6363X, r = 0.955**, 
. 
where Y is -estimated effective net radiation in gm cal and "X is solar 
radiation in gn cal-. This regression" equation was computed using data 
for the period July 25 to September 9. By substituting Y of this.re­
gression equation for X of the multiple regression "equation (see 3.7.)°, 
1 
o 
the following multiple regression equation was obtained: 
A * 
Y =-0.0331 + 0.000370XÏ + 0.0000246X2, 
A 
where Y is transpiration in inches, X^ is now solar radiation in gm cal « 
-2  ,  
cm ,,, and X^  is wind movement in miles. Thus transpiration of com for 
# 
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4. SUMMARY AND CONCLUSIONS 
' o o 
An experiment, designed to: (1) provide basic information concern-
o 
ing the relationships between the components of évapotranspiration of com 
under field conditions and meteorological factors; and (2) to determine 
<3 
practical means of estimating the- components of évapotranspiration of 
com, was conducted at Ames, Iowa during the summer of 1959. In this 
experiment, soil moisture used by corn growing in plastic covered plots 
was called transpiration, arid stoil moisture loss from natural plots was 
o ° ° 
called évapotranspiration. A high soil moisturë content was maintained 0 
o 
ir\, both treatments by supplemental irrigation. The meteorological factors 
° 
measured were: o net radiation, soil and =air temperatures, wind, rainfall, 
o 
relative" humidity, and pan evaporation. 
. 
° Evaporation from a moist soil surface, as a function of wind 
« 
e « ° 
(measured 1 m above the crop surface), decreased as the crop grew taller. 
Rainfall interception by the plant canopy was found to be a large 
" 
amount of the water use in some years. Rainfall interception was linearly 
related to storm,duration. 
° Soil temperatures were warmer in the plastic covered plots than in the 
natural plots.» The greatest temperature'differences between the treatments 
occurred at night. The diurnal temperature range was greater in the 0 
natural plots cthan in the plastic covered plots. 
© 11 ' ' 
Air temperatures were not greatly affected by the treatments, however, 
o ' o 
the air temperatures at the lower levels in the plastic covered plots'were 
slightly warmer than in the natural plots. 
Based upon root samples taken in December, the corn in the natural 
plots apparently developed : better root systems than the com in the 
plastic covered plots, fhe corn in the plastic plots grew more rapidly, 
and was more advanced physiologically than the Êorn in the natural plots. 
o O 
A greater yield, both corn -and dry matter, was obtained from the plastic 
covered plots. 1 O 
Net radiation measured 1 m above the crop surface and intercepted 
by the crop canopy was greater in the natural plots. ° 
The differences in soil temperature, plant development, yield, and 
net radiation indicated that different micro-climates existed in the 
plastic covered and natural plots. The differences in micro-climates were 
attributed to the treatments imposed. Therefore, the subtraction of °< 
transpiration (measured in the plastic covered plots) from evapotran-
o 
spiration (measured in the natural plots) £o obtain estimates of evapora­
tion did not appear justified. Consequently, a statistical method was 
employed to estimate transpiration forothe natural plots. 
0 • * . ° 
Multiple regression analyses of transpiration on plant energy, wind, 
soil moisture, air. tension, and the interaction of soil moisture and air 
tension indicated that0 wind was the1 only variable which significantly 
reduced the sums of squares after plant, energy. Therefore, .a multiple 
regression relation of transpiration on plant energy and wind was «^obtain­
ed. This multiple regression relation was solved to estimate transpira­
tion for the natural plots. The difference between the slope of the 
multiple regression equation (for average wind conditions) and a 582 gm 
-3 ' 
cal cm line (heat of vaporization of water at 81°F) was 23.4 gm cal, 
for an average day. These 23.4 gpv cal 0may be estimates °of the photo-
synthetic energy, energy for heating the air, and energy for heating the 
water to 81°F 
The cumulated value (May 22°to September 9) of the ratios of 
estimated transpiration to evapotrànâpiration was 0.67. This ratio ° 
° 
indicated that the majority ofQthe water use, for the period studied, 
ois transpiration. ° 
O 
Cumulated values (May 22 to September 9) of transpiration, measured 
O o 
and estimated, and évapotranspiration were 7.66 inches, 9.64 inches, and 
o ° 
12.88 inches, respectively. More than half (1.7 inches) of the 
evaporation (évapotranspiration - estimated transpiration) occurred 
o o 
prior to July 12. Closer spacing of the hills of corn may reduce this 
- °° ° , ° 
early evaporation. 
Water use by corn may be estimated from pan evaporation data. The 
relationships of> water use to pan evaporation were verified by the net :  \  ^ _  \  = .  ___ 
radiation data. Water use by corn may also be ^estimated from solar 
radiation data. • 
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